Background-Restriction of volume-based referral for CABG surgery to high-risk patients has been suggested, and earlier studies have reached different conclusions regarding volume-based referral for low-risk patients. Methods and Results-Patients who underwent isolated CABG surgery in New York from 1997 through 1999 (nϭ57 150) were separated into low-risk and moderate-to-high-risk groups with a predicted probability of in-hospital death of 2% as the cutoff point. The provider volume-mortality relationship was examined for both groups. For annual hospital volume thresholds between 200 and 600 cases, the adjusted ORs of in-hospital mortality for high-volume to low-volume hospitals ranged from 0.45 to 0.77 and were all significant for the low-risk group; for the moderate-to-high-risk group, ORs ranged from 0.62 to 0.91, and most were significant. The number needed to treat at higher-volume hospitals to avoid 1 death was greater for the low-risk group (a range of 114 to 446 versus 37 to 184). As the annual surgeon volume threshold increased from 50 to 150 cases, the ORs for high-to low-volume surgeons increased from 0.43 to 0.74 for the low-risk group; for the moderate-to-high-risk group, ORs ranged from 0.79 to 0.86. Compared with patients treated by surgeons with volumes of Ͻ125 in hospitals with volumes of Ͻ600, patients treated by higher-volume surgeons in higher-volume hospitals had a significantly lower risk of death; in particular, the OR was 0.52 for the low-risk group. Conclusions-For both low-risk and moderate-to-high-risk patients, higher provider volume is associated with lower risk of death. 
I
t has been well documented that hospitals and surgeons with higher CABG surgery volumes have experienced lower mortality rates. [1] [2] [3] [4] [5] [6] Given the evidence that higher hospital volume is frequently related to better outcomes for CABG surgery, the Leapfrog Group has recently recommended that purchasers contract with hospitals that have an annual CABG surgery volume of at least 450 cases. 7 Many deaths could potentially be avoided if this volume-based referral were applied to all CABG patients. However, implementation of this volume guideline will result in thousands of patients being referred away from low-volume CABG surgery hospitals to high-volume CABG surgery hospitals. A possible alternative to reduce the disruption that would be caused by movement of patients while still reducing mortality is to restrict the referral to high-risk patients. However, for this policy to be effective, the differential in risk-adjusted mortality rates between high-and low-volume hospitals would ideally be higher for high-risk patients.
Two recent studies have arrived at different conclusions regarding the volume-mortality relationship for CABG surgery among patients with different levels of surgical risk. 8, 9 Also, a recent study in New York State found that highervolume hospitals and surgeons continued to have lower risk-adjusted mortality rates after CABG surgery from 1997 to 1999. 1 As an extension to that study, the present study examined the impact of hospital and surgeon volumes on in-hospital mortality for CABG surgery among patients with different levels of risk.
Methods

Database and Patient Population
The New York State Cardiac Surgery Reporting System (CSRS) was used in this study. Each patient undergoing CABG surgery in New York State has been registered in the CSRS since January 1, 1989. The CSRS contains patients' demographic variables, clinical risk factors and complications, and discharge status. The study popula-tion was all 57 150 patients who underwent isolated CABG surgery (CABG surgery without any other major open heart procedures in the same admission) in New York State and who were discharged between January 1, 1997, and December 31, 1999.
Analysis
A logistic model was developed in our recent study to identify significant patient risk factors that predict in-hospital mortality in the study population (see Appendix and Hannan et al 1 for details). Many risk factors in this model were also significant predictors in the EuroSCORE cardiac surgery model 10 and the Society of Thoracic Surgeons (STS) CABG model 11 for 30-day mortality. All but left main disease, hemodynamic state, ventricular arrhythmia, and hepatic failure were represented in the EuroSCORE model, and all but hepatic failure and calcified ascending aorta were used in the STS model. This model was used to predict each patient's probability of death, which represents surgical risk. A predicted probability of death of 2% was chosen as a cutoff point to separate patients into low-risk (Ͻ2%) and moderate-to-high-risk groups.
Annual hospital volume thresholds for isolated CABG surgery (between 200 and 600 cases, in units of 100 cases) were created. For each group of patients, the observed in-hospital mortality rates were calculated for low-and high-volume hospitals. In addition, predicted mortality rates were calculated for low-and high-volume hospitals by computing the mean predicted probability of death of all patients in each volume group.
For each hospital volume threshold, we fit a logistic model for patients in each risk group to obtain the adjusted OR that compared the odds of death between patients treated by high-and low-volume hospitals. The outcome variable in each logistic model was patient's death status (1ϭdied, 0ϭlived); the independent variable of interest was a binary variable that represented high-volume hospital (1ϭhigh-volume hospital, 0ϭlow-volume hospital). Each logistic model adjusted for patient's risk score, which was the value of logarithm of the odds of the predicted probability of death for each patient. The adjusted OR was used to compute the percentage of deaths that were potentially avoidable for each risk group at each hospital volume threshold; the number of patients needed to treat (NNT) in higher-volume hospitals to avoid 1 death was also calculated. The same analyses were repeated for annual surgeon volume thresholds (between 50 and 150 cases, in units of 25 cases).
The interaction effects of hospital volume and surgeon volume were examined among patients in each risk group. Four surgeon/ hospital volume groups were created by separating each type of volume into 2 groups. The group with low surgeon volume (Ͻ125 cases) and low hospital volume (Ͻ600 cases) was the reference group in the logistic regression models, and adjusted ORs were calculated for the other 3 groups. In addition to conventional logistic regression analyses, generalized estimating equations 12 and hierarchical logistic regression 13 were also used to account for the clustering of patients within surgeons and hospitals in the analyses that examined the joint impact of hospital and surgeon volume on outcomes.
All statistical analyses except the hierarchical logistic regression analyses were conducted with SAS version 8.2 (SAS Institute). The hierarchical logistic regression models were developed with HLM5 (Scientific Software International). For both risk groups, patients in hospitals with a volume above a threshold consistently had lower observed mortality rates than those in hospitals with a volume below a threshold. In general, the differences in observed mortality rates were more striking when a hospital volume threshold was low (Table 1) . Table 2 shows that at all hospital volume thresholds between 200 and 600, for both risk groups, patients in higher-volume hospitals consistently had a lower risk of death than those in lower-volume hospitals, as evidenced by adjusted ORs Ͻ1. For the low-risk group, adjusted ORs ranged from 0.45 to 0.77; the adjusted ORs ranged from 0.62 to 0.91 for the moderate-to-high-risk group. The percentage of deaths avoidable decreased for both risk groups when volume threshold increased but was always higher for the low-risk group (Figure 1 ). The NNT for the low-risk group was greater than that for the moderate-to-high-risk group for each volume threshold; it ranged from 114 to 446 for the low-risk group and from 37 to 184 for the moderate-to-highrisk group (Figure 2 ). For both risk groups, the number of avoidable deaths in New York State from 1997 through 1999 reached a maximum with a volume threshold of 600. At all surgeon volume thresholds between 50 and 150, for both risk groups, patients treated by higher-volume surgeons always had a lower risk of death than those treated by lower-volume surgeons. For the low-risk group, adjusted ORs ranged from 0.43 to 0.74; for the moderate-to-high-risk group, the adjusted ORs ranged from 0.79 to 0.86. Although in general the percentage of avoidable deaths decreased for the low-risk group when annual surgeon volume threshold increased (57% versus 26% at the thresholds of 50 and 150 cases, respectively), it was Ϸ20% for most volume thresholds in the moderate-to-high-risk group. The number of avoidable deaths increased when the volume threshold increased from 50 to 150 cases for both risk groups. Table 3 shows that in the low-risk group, the odds of death among patients with high surgeon (Ն125)/high hospital (Ն600) volumes, low surgeon/high hospital volumes, and high surgeon/low hospital volumes were 52%, 65%, and 60%, respectively, of the odds of patients treated by lowvolume surgeons in low-volume hospitals. In the moderateto-high-risk group, patients treated by high-volume surgeons in high-volume hospitals had significantly lower odds of death than patients treated by low-volume surgeons in lowvolume hospitals (OR 0.76); the odds of death among patients with low surgeon/high hospital volumes and high surgeon/ low hospital volumes were not significantly different from the odds of patients treated by low-volume surgeons in low-volume hospitals. When we accounted for the clustering of patients within surgeons and hospitals by the generalized estimating equation method, confidence intervals usually became wider, but all significant ORs remained significant. Similar ORs were obtained with hierarchical logistic regression analyses.
Results
There
Discussion
Based on a population of 57 150 patients who underwent isolated CABG surgery in New York State between 1997 and 1999, the present study examined the relationship between provider volumes and in-hospital mortality among patients of low and moderate-to-high surgical risk with a predicted probability of death of 2% as a cutoff point between the 2 risk groups. For annual hospital volume thresholds between 200 and 600 cases, the adjusted ORs of in-hospital mortality for high-to low-volume hospitals ranged from 0.45 to 0.77 for the low-risk group; for the moderate-tohigh-risk group, ORs ranged from 0.62 to 0.91. As the annual surgeon volume thresholds increased from 50 to 150, the ORs for high-to low-volume surgeons increased from 0.43 to 0.74 for the low-risk group; for the moderateto-high-risk group, ORs ranged from 0.79 to 0.86. In addition, the added benefit of undergoing surgery performed by high-volume surgeons in high-volume hospitals was observed in both risk groups. The present study used a predicted probability of death of 2%, which is close to the average in-hospital mortality rate (2.20%) after CABG surgery in New York from 1997 to 1999, as a cutoff point to separate patients into low-risk and moderate-to-high-risk groups. The same cutoff point was applied in the study by Nallamothu and colleagues. 9 A patient's predicted probability of death is determined by both patient risk factors and the model being used. Therefore, the cutoff points in these 2 studies are similar but not exactly the same.
Unlike the study by Nallamothu and colleagues, 9 the present study found that patients in the low-risk group treated by higher-volume hospitals had a lower risk of dying after CABG surgery. We also found that higher surgeon volume was associated with lower mortality in low-risk patients. To explore whether the reason for inconsistent findings is a statistical power issue, we combined both minimal-risk (predicted probability of death Ͻ0.5%) and low-risk (predicted probability of death between 0.5% and 2%) groups in the study by Nallamothu et al 9 to form a group of patients that was similar to the low-risk group in the present study and compared the odds of death between high-and low-volume hospitals (annual volume Ͻ200 CABG cases). An OR of 0.64 (95% CI 0.34 to 1.21; Pϭ0.13) was obtained, which indicated a weaker volume-mortality relationship for the low-risk group in their study population than that in the present study, in which an OR of 0.53 (95% CI 0.30 to 0.93, PϽ0.05) was identified at the volume threshold of 200.
Recent discussions have recommended that the volumemortality relationship be examined for the group of patients with a predicted probability of death Ͻ0.5%. 9 In the present study, a total of 11 721 patients (20.5%) were in this minimal-risk group, with an observed mortality rate of 0.32% (38 deaths). We attempted to examine differences in the impact of hospital and surgeon volumes on in-hospital mortality in 3 subgroups of patients (minimal, low, and moderateto-high risk, defined as Ͻ0.5%, 0.5% to Ͻ2.0%, and Ն2.0%, respectively). Small sample sizes and numbers of deaths thwarted these investigations in the minimal-risk (Ͻ0.5%) and low-risk (0.5% to Ͻ2.0%) groups. However, for a hospital volume threshold of 300, the respective ORs were 0.33, 0.47, and 0.72 for the risk groups Ͻ0.5%, 0.5% to Ͻ2.0%, and Ն2.0%, and all of these ORs were significantly lower than 1 (with respective probability values of 0.01, Adjusted OR indicates odds of mortality in a surgeon volume/hospital volume group relative to low surgeon volume/low hospital volume group, adjusted for patient risk; adjusted OR accounting for clustering, adjusted OR with adjustment for patient risk and taking into account clustering of patients within surgeons and hospitals; adjusted OR estimated from hierarchical model, adjusted OR estimated from hierarchical logistic regression adjusted for patient risk, with average surgeon and hospital volumes used instead of annual volumes.
0.0001, and 0.03). When the moderate-to-high-risk group was further divided into moderate-risk (2.0 to Ͻ5.0%) and highrisk (Ն5.0%) groups, higher provider volumes were in general associated with lower mortality rates, as indicated by ORs Ͻ1. However, approximately two thirds of the probability values for these ORs were greater than 0.05 because of small sample sizes.
When examining the benefit of volume-based referral in the low-risk group, it is useful to consider both relative reduction and absolute reduction in mortality rates. For hospital volume, the greatest reduction in both relative scale (55% of deaths were avoidable) and absolute scale (a decrease in mortality rate of 0.88%) occurred at the threshold of 300 cases. The NNT (number needed to treat by highervolume hospitals to avoid 1 death) is another indicator that should be considered. The minimum NNT was 114 for hospital volume with a threshold of 300. Another indicator, number of avoidable deaths, should also be studied. However, this measure is strongly influenced by the total number of cases in lower-volume hospitals in a study population.
Compared with other studies, the present study has several important strengths. First, the study population is large and includes all isolated CABG surgery patients in New York State from 1997 to 1999. Second, the data are from a comprehensive clinical registry, the CSRS, which allows for a comprehensive adjustment of patients' severity of illness with clinical risk factors. Third, this study provides the opportunity to study the effect of surgeon volume on mortality and the joint effect of hospital volume and surgeon volume.
A few caveats should be noted. First, the number of patients in very-low-volume hospitals was small because of the existence of Certificate of Need regulations in New York State. This small sample size limits our ability to study the effect of very low volumes. Second, for more than a decade, the New York State Department of Health has been reporting CABG surgery outcomes to healthcare providers and the public, and this practice has contributed to an improvement in the quality of care. Therefore, it is reasonable to speculate that the volume-mortality relationship is weaker in New York than in other areas because of the concerted quality improvements in New York. Third, in-hospital mortality was the outcome in the present study. Another important outcome measure, 30-day mortality, was unavailable to us on a timely basis; if available, this measure would have been preferred because of the decreasing length of stay in hospitals and the fact that deaths after discharge are usually associated with complications of surgery. Fourth, the observed volumemortality relationship does not necessarily prove a causal relationship between volume and mortality. A competing hypothesis is "selective referral," which hypothesizes that high-volume providers have high volume because their better quality attracts more patients rather than that more practice makes the quality better. 14 Although volume-based referral could be beneficial in areas where there are no better quality indicators (eg, riskadjusted mortality rates) available, its implementation may cause travel difficulties for patients and further reduction of volume for low-volume hospitals. 2,15-17 Also, not all lowvolume hospitals have poor outcomes, and not all highvolume hospitals have good outcomes. 17, 18 Thus, it is preferable to improve outcomes by identifying processes of care associated with superior outcomes and implementing these processes in both high-volume and low-volume hospitals rather than to contemplate referring all patients to highvolume centers. Also, it is preferable to identify high-quality hospitals by developing databases that will enable researchers and policy makers to calculate risk-adjusted outcomes for providers.
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